With the growing use of the barbiturates in anesthesia and in medicine in general, it becomes increasingly important to understand the hazards this entails, not only so that accidents of the past may be explained but, chiefly, so that they can be prevented in the future. In this study our attention has been directed to the respiration. While other systems may also be affected adversely by the barbiturates, the respiration frequently gives the first warning of impending difficulties. Respiratory failure often plays an important part in death under these agents. This study was designed primarily to investigate the mechanisms leading to respiratory failure under evipal and pentothal anesthesia. Since the barbiturates are qualitatively very similar in their actions, it is probable that the mechanisms described here apply to many members of the group. EQUIPMENT initial dose of 25 mgm. per kgm. body weight. Additional anesthetic was added intravenously as needed. The points illustrated hold true for both agents. Sometimes one agent, sometimes the other, is used to demonstrate a given point.
Depth of anesthesia was controlled as carefully as possible by observation of the state of a spinal reflex. The flexion reflex of the left semitendinous muscle was 1 Supported in part by a grant-in-aid from the Executive Committee of E. R. Squibb and Sons.
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evoked by electrical stimulation of the central end of the cut left sciatic nerve. The electrodes were chlorided silver wires flattened and perforated and stitched to the nerve. Insulation was insured with cotton packing around the electrodes and nerve. These electrodes were connected with the secondary coil of a Harvard inductorium.
The primary was activated with a 1.5 volt dry cell. A hand-operated mercury contact key and a signal magnet were placed in circuit with this. The strength of the stimulating current was adjusted to give approximately a maximal response. The ipsilateral nerves to the hamstring muscles were left intact so that contractions of the divided semitendinous muscle might be recorded on the smoked drum. Essentially isometric recording was obtained by employing a tempered steel recording lever.
The information as to depth of anesthesia obtained from the spinal reflex records was supplemented by frequent notes as to the state of the corneal and lid reflexes. Sluggish reflexes were designated as one plus and very active ones as two plus.
Respiratory apparatus and recordinzg. Three simultaneous records were made of the respiration: The tidal excursions were recorded by means of a Hutchinson spirometer, specially constructed so as to allow an artificial increase or decrease in intrapulmonary pressure to be made during the recording (4); the intercostal and diaphragmatic respirations were recorded, as described by Gesell and Moyer (3) , by means of paper bands which encircled the midthorax and the midabdomen of the torso from which the hair had been clipped; the segmental and combined respiratory responses were recorded on a smoked drum where an upstroke corresponds to inspiration. The animal was connected to an airway (where airflow was directed by two Tissot valves) and from this to the Hutchinson spirometer and a 60 liter steel tank, usually two-thirds filled with water. Interconnections through brass steam pressure valves permitted instantaneous shift to the gas mixtures contained in any one of three such steel tanks without interruption during recording. A soda lime cannister was inserted into the expiratory half-circuit of the system in such a way that the carbon dioxide would be removed during respiration except when the tank reserved for the administration of carbon dioxide was used. increase the toxicity of these agents: (1) gross overdosage followed by respiratory failure when the blood gases are normal, at least at first; (2) the respiratory response to the barbiturates wvhen the blood oxygen content is low; (3) the respiratory response to the barbiturates when the blood oxygen content is high; (4) respiratory alteration and failure following administration of the drugs when the carbon dioxide content is high; (5) respiratory failure under a combination of (2) and (4) above; and, finally, (6) respiratory failure as a result of positive pressure in the airway and the breathing of 100 per cent oxygen. These conditions will be illustrated by representative examples taken from the 43 experiments.
(1) It hardly seems necessary to illustrate the production of respiratory failure by gross overdosage with barbiturates when the blood gases are initially within normial limits, for everyone who has employed these agenits to any considerable extent experimentally or cliniically has demiionstrated this effect.
(2) The respiratory response to low oxygen is particularly interesting under the barbiturates. This has been discussed in detail by AMoyer and
Beecher (8, 9) . For )resent purposes, this can be illustrated by Figure 1 , B, D, F, and Figure 2 .
In Figure 1, In Figure 4 , A, the immiiiiediate effect of 100 per cent oxygen, even though the color of the Imlucous miiemiibranes was good, was to lower the rate fromll 37 to 28 and the ventilationi fromii 4880 cc. to 3220 cc., with smiiall blood chaniges in oxygen and(I carbonl dlioxide content. Later, wlheni the aniimal was deeply anesthetizedl (sciatic stimiiulationi produced a visible but ncot recordled resl)onse), the blood oxygen seriously low, and the carbon dioxide content abnormally high, 100 per cent oxygen produced a distinct improvemient in the animial's color; yet the respiratory rate, concomitant with the obvious improvement in oxygenation of the blood, dropped at once fromii 12 to 3 and quickly failed completely, although the heart continiued to beat for at least a minute and a half following the last gasp.
(4) Respiratory alteration and failure following administrationi of barbiturates when the blood carboni dioxide contenit is high is shown in Figure  1 In passing, it will be observed that Figure 1 . A, C, E and Table III demonstrate the gradual (lecrease of sensitivity of the respiratory center to a given carbon dioxide concentration in the inspire(d air. In Figure 1 , A, four minutes of breathing 12 per cent CO., resulted in nearly a fivre-fold increase in ventilation; in Figure 1 , C the effect was half (two and one-half-fold) what it had been in Figure 1 , A; in Figure 1 , E, four nminutes of breathing 12 per cent CO. merely resulted in doubling the ventilation. This characteristic of the barbiturates has been discussed elsewhere by Moyer and Beecher. The point of immediate importance is that the respiratory center is less sensitive than normiial to its natural stimulus, carbon dioxide. The carbon dioxide finally becomiies, in 3 In Figure 1 , C, an example of sudden alteration of cardiac activity, probably due to heart block, can be seen. This was frequently encountered under pentothal under the circumstances of these experiments. It is being investigated further. It miight be argued that the respiratory failure in Figure 1 , C was due to the cumulative effects of the repeated doses. That this is not so is indicated by the fact that the respiration did not fail when the same size dose was administered later while the animal was at least as deeply anesthetized as in Figure 1 , C, but was not on a high carbon dioxide intake, Figure 1 ', D' (preceding D' two doses of agent in addition to those listed had been admiinistered at fairly close intervals). Figure 8 illustrates in an animal breathing room air the enormous increase in ventilation effected by carbon dioxide stimulationi in a subject lightly anesthetized with evipal (similar to Figure 1, A) . Later, at a deeper level of anesthesia, the swift production of respiratory failure by a brief exposure to the same concenitration of carbon dioxide is shown. Anoxia caused the blood pressure to rise. A moderate degree of negative pressure in the airway reestablished respiration. After a minute on negative pressure, enough carbon dioxide had been washed out and the carbon dioxide depression overcome to such an extent that the respiration could continue spontaneously when the negative pressure was relieved (10).
In Figure 9 , A, the animal was deeply anesthetized and breathing 100 per cent oxygen. The initial respiratory rate was 6 with a minute ventilation of 1460 cc. The sciatic reflex response is initeresting, in that it was more greatly depressed than could be accomplished with evipal alone without respiratory failure. It Figure 5 dlemiionstrates a result of this coml)ination. Durinig the course of this experimiient on a healthv, approximately onie-year-old, 10 Figure 4 , B, also presents anl examlple of death under conditions of high blood carboni dioxide andl low blood oxygen. This will be discussed in conljunctioni witlh the examlple shon in Figure 5 . already described.
(6) Figure 6 shows, durinig the breathin1g of 100 per cenit oxygeni, the increasinig effect of a miioderate elevationi of pressure in the airway (5. In E, the respiratory depression was so great that respiration failed even under atmospheric pressure; sciatic stimulation produced two breaths. Negative pressure caused the respiratory activity to be resumed. Figure 7 demiionstrates that the apnea p)roduced by positive pressure is occasioned by a reflex mediated througlh the vagus; vagal cold blocks permitted the respirationi to be resumed. Figure 8 , B, illustrates the power of negative pressure to reestablish respirationi which has failed as a result of carboni dioxide depression.
DISCUSSION
The factors responsible for the variability of response to a given dose of barbiturate, from one patient to another or in the same patient onl different occasions, lhave in the main beeni obscure. It will be apparent from the data presented and the discussion to follow, that variations in oxygen supply and carbon (lioxicle contenit of tissues andl blood can exert a powerful influence on the responses resulting fromii given doses of barbiturates.
However, before these matters are dealt Nith., it slhould be observed in passilng that a reciprocal relationship between dosage and pulmoniary ventilation is apparent. It is plain that increasing dosage will lead to rather early respiratory failure. This holds both for evipal alnd pentothal. The tendency is demiionistrated for the latter in Figures  1, B, D Figure 1 , A, C, E. In round numbers this is reflected in a decrease in total responise above " lnormlal " to the " standlard " carbon dioxide stimiiulus, fromii 21 liters per minute to 5 to 2. Figure 8, A, While the barbiturates rapidly diminish and finally eliminate the sensitivity of the respiratory center to carbon dioxide, the response to low oxygen is reduced very little as shown in Figure  1 and Table I . The same final minute volume response to low oxygen at the three widely differing levels of anesthesia suggests that, under moderate to deep barbiturate anesthesia, the respiration is chiefly maintained by mechanisms which are activated by low oxygen stimulation, which is in agreement with Schmidt ( 11 ), Cordier and Heymans (2), and Marshall and Rosenfeld (6) . As demonstrated by Moyer and Beecher (8) Table I . It will be recalled in the case of the vola--tile anesthetic agents, ether for example, that the concentration of this agent in the blood required ; to produce loss of consciousness is only one-third C of that necessary to produce light surgical anes-X thesia, yet a small increase in ether concentration , in the blood after the surgical level has been reached will carry the subject from light to dangerously deep anesthesia. In the case of the volatile agents, this clinical effect depends upon the approach of saturation of the lipoid structures with the fat-soluble anesthetic agents. Whether a comparable " saturation " occurs in the case of the barbiturates is not known. If such were the case, it would be of great interest to know where the barbiturates are concentrated.
Inasmuch as the short-lasting barbiturates, evipal and pentothal, depress the central drive mechanism more than the reflex drives of respiration, the masking of serious barbiturate depression by oxygen tensions that are below normal is not surprising in view of the fact that low oxygen stimulates breathing reflexly (excepting, of course, those cases where the central sensitivity to cH+ is very higlh anid carotid and aortic sensitivity is very low). The clinical imiiplications of this maskinig are so obvious that they need no discussion. A suddeni increase in the oxygeni contenit of the inspired air, even thouglh it be sliglht, reveals, by virtue of the associated reduction of clhemoreflex stimulation, the depressanit action of the barbiturate (Figures 1, B, D, F and( 3, B) . Suiclh respiratory depressioni, couple(l with the already demonlstrated loss of sensitivity of the respiratory ceniter to carbon dioxide, can lead to a particularly serious form of depressioln. The sequence of events is probably as follows: Barbiturate anesthesia is adminiistered to the subject. The sensitivitv of the center to H+ is reduced. After the center's H+ sensitivity is greatly impaired or entirely destroyed the anoxic stimiiuli maintain pulmloniary ventilation that is dependent uponl oxygenl level and the effectiveness of reflex drive. The anestlhetist observes that the reflex drive is inadequate to maintain proper oxygenation if the subject's color is poor and he increases the oxygen concenitration in the inspired air. The carotid anid aortic body stimiiuli set up by the low oxygen are thus decreased, as the blood oxygen content approaches normal. Loss of the low oxygen stimuli allows the true state of affairs to become apparent to the discerninig observer. The subject's respirations are found to be seriously depressed as a result of the barbiturate action; however, the high concentration of oxygen in the inspired air still maintains an adequate blood color and the vasomotor status is good. During this period the subject's good color keeps attention fromii the fact that the respiration is not adequate as far as the excretion of carbon dioxide is concerned, for the center has lost much of its ability to responid to the high concentration of carbon dioxide in the blood. The carbon dioxide piles up until it, too, becomes a true depressant (Figure 8,  B) . Suddenly the respiration fails. The high carbon dioxide blood content, having first stimulated, then depresses. Blood pressure finally falls precipitously. Irreversible chaniges swiftly take place and, notwithstanding artificial respiration, death occurs.
The effect of low oxygen in masking the true depressant action of the barbiturate must not be considered as in itself a good thing, for the dangers inlherent in a low oxvgen intake are still present. They are too well known to need discussioln. The masking effect will, of course, pass w-hen the availability of oxygen in the tissues falls so low that the anoxia itself effects a depression. During the respiratory depressioin carbon dioxide piles up in the blood and tissues. In such a case, when the masked depression is carried to the breaking poinlt, the additive effects of the depressioni caused by low oxygen, the depressioni caused by the higlh carbon dioxide, and the depressioni of the barbiturate, working together not only upon the respiratory center but uponi the vasoimlotor center as well, swiftly produce changes wlhiclh lead to death. Figure 4 illustrates the rapid failure of respiration wlhile the blood color imiproved, with death due finally to a combination of low oxygen, high carbon dioxide and drug depression.
The circumstances which lead to the death of the animiial pictured in Figure 5 might easily have their counterpart in the clinic (and probably often have had). Following the sudden death of a patient under barbiturate anesthesia, the statement is often heard that death was wholly unexpected and occurred without warning. The writers must admit to a considerable scepticism in the past as to the quality of the observation which allowed such statements to be made. It would seem that such an attitude is uInjust, for in the laboratory at least it has repeatedly been possible to produce ' suddein death without clinical warninlg ". It is evident from Figure 5 that until the very end nlothing was apparent in the condition of the only moderately deeply anestlhetized subject that could have reasonably been detected clinically and lhave warned of impending death. This is to be explained, w-e believe, upon the basis just described of low oxygen miiasking the true depression of the barbiturate while carboni dioxide gradually accumulated to a depressant degree. Over a wide range of anesthesia, low oxygen in the inspired air effects a great increase in pulmonary ventilation. Although with increasing depth of anesthesia the initial minute volumes were progressively smaller, low oxygen produced the same final ventilation over the wide range of anesthesia studied (Figure 1, B, D, F ). Even at the deep level of anesthesia considered, no loss of sensitivity to this stimulus was apparent with the oxygen concentration studied. Several demonstrations of the effect of a low oxygen tension in the blood in temporarily masking serious barbiturate depression are provided (Figures 1, B,  D, F and 3, B) . This effect is revealed by substituting room air for the low oxygen mixture being inspired. When the oxygen tension is very low it finally exerts a depressant effect which, on being added to the depressant action of the barbiturates, leads to death.
The effect of high oxygen in depressing the respiration which has been maintained in whole or in part by carotid and aortic mechanisms (activated by low oxygen) has been recognized, as far as the effect itself goes, for many years. This effect is present under evipal and pentothal. The elimination of the carotid and aortic activity by adequate oxygen tensions can be fatal ( Figure  4) .
Respiratory failure following the administration of relatively small doses of barbiturates when the blood carbon dioxide content is high is shown (Figure 1, C, E) .
The sensitivity of the respiratory center to its normal stimulus, carbon dioxide, diminishes (Figure 1 , A, C, E and Table III ) and is finally lost under the barbiturates. The carbon dioxide finally becomes a serious depressant (Figure 8) . A high concentration of carbon dioxide in the inspired air increases the sensitivity of the respiration to a given dose of barbiturate (Figure 1, A, C, E) .
A combination of low oxygen and high carbon dioxide in the inspired air is particularly hazardous. Low oxygen masks the true depressant action of the barbiturate until later a point is reached when the low oxygen stimulation is no longer capable of supporting the respiration, but becomes itself depressant, and adds to the depressant action of the high carbon dioxide and the barbiturate, with a fatal outcome. This probably explains the " deaths without warning " described clinically ( Figure 5 ).
The powerful influence exerted by various oxygen and carbon dioxide contents of the blood upon the response to a given dose of barbiturate is apparent. It is probable that variations in these gas tensions account in part for the well-known puzzling clinical variability of action of the barbiturates.
Respiratory depression and failure, as a result of a small elevation of pressure in the airway under barbiturate anesthesia and 100 per cent oxygen administration, are shown ( Figure 6 ); they are due to a reflex mediated through the vagi ( Figure  7) . The clinical implications of this effect are discussed.
The increasing effectiveness of small doses of barbiturates, with increase in depth of anesthesia, and the reciprocal relationship of pulmonary ventilation to increasing barbiturate dosage are discussed.
The use of barbiturates appears to be contraindicated in conditions where the blood oxygen may be low or the carbon dioxide high. If these conditions occur during barbiturate anesthesia, the results can be disastrous. Not only is it important to maintain a good blood color under the barbiturates, it is equally important to see to it that the pulmonary ventilation is adequate in order to prevent the piling up of carbon dioxide in the tissues. The use of synthetic carbon dioxide is contraindicated as a respiratory stimulant during barbiturate anesthesia unless artificial respiration is being given. In this case probably 5 per cent carbon dioxide should be administered in order to avoid excessive depletion of carbon dioxide.
